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Abstract 
 
Locally available apricot (Prunus armeniaca L.) shells classified as a waste product from 
fruit processing, were alkali activated in order to develop an efficient heavy metal ions sorbent 
for water purification. To examine the changes occurred after alkali treatment, raw (SH) and 
modified apricot shells (SHM) were thoroughly characterized in terms of their chemical 
composition and surface properties. Chemical analysis revealed that alkaline treatment causes the 
disintegration of hemicellulose (its content decreased from 19.2 to 3.5 %), which was in 
accordance with FTIR results. SEM micrographs and the mercury intrusion porosimetry revealed 
a larger surface area and porosity of SHM. Bohem’s acid-base titration method indicated that the 
most of the SHM surface carboxylic groups were in sodium salt form and together with the pH of 
points of zero charge showed increase of surface alkalinity after modification. Treatment with 
NaOH enhanced the adsorption capacity by 154, 61 and 90 % for Cu
2+
, Zn
2+
 and Pb
2+
, 
respectively. The amount of cations released from SHM was almost equal to the amount of 
adsorbed metal ions, suggesting ion exchange mechanism. The pseudo-second order kinetic 
indicated that the heavy metals cations were bound predominantly by complexation.  
In order to establish the effectiveness of the biosorbent in real wastewater sample, SHM 
was employed for cleaning-up of drain water emanating from atomic adsorption 
spectrophotometer. The SHM showed high removal efficiency towards multiple metal ions. The 
amounts of Fe, Pb, Cu and Cr ions were reduced by 97, 87, 81 and 80 %, respectively, while Ni 
and Zn amounts were reduced for 33 and 14 %. 
Used biosorbent SHM can be successfully regenerated with HCl (desorption > 95 %) and 
after regeneration biosorbent can be reused or it can be safely disposed.  
 
Kew words: apricot shells, waste minimization, characterisation, heavy metals removal, 
wastewater treatment 
 
1. Introduction 
 
From environmental and economic point of view the most appropriate and therefore the 
most common biomasses used for the biosorption process are waste biomaterials or agricultural 
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by-products. It is possible to extract some valuable compounds from organic waste such as 
pectine, fibers, antioxidants etc., but often vast quantities of lignocellulose fraction stay unused 
[1]. In order to minimize lignocellulosic waste a number of such materials have been investigated 
as adsorbents for the removal of heavy metals from the wastewaters: either in its native form 
[2,3], treated form [4,5,6], or in active carbon form [7,8,9]. Removal of heavy metals from 
aqueous solution by lignocellulosic materials is provided by the presence of various functional 
groups on their surface (hydroxyl, carbonyl, phosphate, amino and thiol groups plays a major role 
in heavy metals binding mechanism). However, the presence of the functional groups on the 
surface of biomaterials can’t guarantee efficient removal of heavy metal ions, because the 
biosorption process is affected by various factors such as the number of active sites, their 
accessibility, their chemical state and their affinity for the targeted metal. Therefore, it can be 
concluded that biosorption efficiency depends largely on the type of biomass. 
The advantage of lignocellulosic materials usage for the treatment of wastewater is that 
cellulose (that mostly dominates in the composition of these materials) has good chemical 
stability and mechanical strength due to its crystal structure. However, cellulose has a limited 
number of free hydroxyl groups which are available for metal ions binding. This is because 
mostly these groups are involved in the formation of a large number of inter- and intramolecular 
hydrogen bonds. According to Abdolali et al. [10], in lignocellulosic materials the majority of 
cellulose (65 %) is represented by highly organized crystal lattice that is not available to 
molecules of water and other solvents, while the minor parts are linked to hemicellulose (20 – 40 
%) and lignin (15 - 25%). Application of lignocellulosic materials for biosorption process has 
additional disadvantages, such as low biosorption capacity and the release of organic components 
in to the solution. Therefore, such materials need to be subject of modification. In that way, 
soluble organic compounds are extracted and the adsorption performances are improved, which 
justifies the cost of a pretreatment.  
In this paper, apricot shells were chosen because they fulfil the most important criteria of 
unconventional biosorbent: they are cheap and abundant waste. Apricots have an important role 
in Serbian fruit production with average annual production of 30,000 t that generates more than 
1,800 t of waste [11]. Although, apricot shells can be used in the pharmaceutical industry and in 
the manufacture of abrasive powders, there is no systematized collection and use of this type of 
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waste. Since it is usually incinerate or dispose of in landfills, elimination and re-use of it would 
contribute appreciably to the waste or ash disposal issues.  
It is important to mention that the apricot shells, so far were used exclusively in the form 
of activated carbon [7,12,13] in biosorption experiments, not in its natural or alkali modified 
form.  
 In the following paper the physical and chemical properties of raw (SH) and alkali treated 
apricot shells (SHM) have been determined and compared, in order to investigate their potential 
to remove heavy metal ions (Cu
2+
, Zn
2+
 and Pb
2+
) from aqueous solution. Also, for the first time, 
biosorbent (SHM) was applied for cleaning up drained water of atomic adsorption 
spectrophotometer. 
 
2. Materials and methods 
 
2.1 Biomass preparation 
 
2.1.1 Untreated biomass (SH) 
 
Apricot stones (Prunus armeniaca L.) were obtained from Juice Factory “Vino Župa“ 
Aleksandrovac, located in the Rasina District of Serbia. Apricot stones were air dried at room 
temperature. The shells were manually separated from seeds. Only apricot shells (SH) were used 
for studies. The samples were washed with deionized water, dried at 50 
○
C for 24 h, grinded 
(KHD Humbolt Wedag AG, Germany) and sieved into particle size less than 0.3 mm.  
 
2.1.2 Treated biomass (SHM) 
 
Treatment was conducted by soaking SH powder in 1.0 mol/L NaOH solution in a 1:20 
solid-to-liquid ratio (g/mL). Suspension was allowed to stir for 180 min at 25 
○
C on magnetic 
stirrer at 250 rpm. The samples were washed with deionized water until it gave no colour and the 
pH of filtrate was close to neutral. After drying (at 50 
○
C for 24 h) the sample was stored in 
plastic containers.  
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2.2  Metal solution preparation 
 
Initial solutions of selected heavy metals (Cu
2+
, Zn
2+
 and Pb
2+
) with a concentration of 
1000 mg/L, were prepared by dissolving Cu(NO3)2 × 3H2O; ZnSO4 × 7H2O and Pb(NO3)2 
(Analytical grade) in deionized water. In order to obtain the desired concentration of 
experimental solutions, the initial solution was diluted with deionized water.   
 
2.3 Physical and chemical characterization of SH and SHM 
 
Ash and moisture contents of both samples were determined based on the ASTM 
standard methods ASTM E871-82 (2013) and ASTM E1755-01 (2015).  
Quantification of the amount of lignin, holocellulose, cellulose and hemicellulose: The 
procedure is based on the gradual removal of components one by one from the samples. First step 
is removal of compounds which may interfere with some analyses, like waxes, fats, resins, gums, 
sugars, starches, pitch, sterols, flavonoids, tannins, terpenes, quinones, chlorophyll and others 
[14]. Extraction of above-mentioned compounds was conducted in 100 mL Erlenmayer flasks 
with attached reflux condenser, by soaking the biomass (1.0 g) in 44 mL of acetone. The flask 
was partially immersed in a constant temperature water bath set at 58 
○
C and it was left to stir for 
3 h. The suspension was filtered through pre-weighed sintered glass funnel, than washed with 10 
mL of acetone, followed by distilled water. The residue was dried at 105 
○
C for 24 h and the 
amount of extractive was determined gravimetrically. The lignin content in extractive-free 
samples was determined using TAPPI standard method [15]. In order to quantify the amount of 
holocellulose experiments were conducted in 250 mL Erlenmeyer flasks (with attached reflux 
condenser) by adding 5 mL of 0.7 % NaClO2 in mixture of biomass (1.0 g) and distilled water 
(50 mL). The pH was adjusted to 4.0 with acetic acid. The suspension was placed on a hot plate 
and boiled for 2 h at 75 
○
C. The mixture was then cooled down and filtered through pre-weighed 
sintered glass funnel, washed with water (750 mL) followed by 250 mL 2% NaHSO3 and after 
that, once more with water (1000 mL). The residue was dried at 105 
○
C for 24 h and the amount 
of holocellulose was determined gravimetrically. In order to determine the cellulose content the 
holocellulose residue (1.0 g) was immersed in 35 mL of 17.5 % NaOH solution and left for a 10 
min at room temperature. Thereafter another 40 mL of the same solution was added and obtained 
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mixture was left for 35 more min. The suspension was filtered through pre-weighed sintered glass 
funnel and washed with distilled water (750 mL). Afterwards, the sample was immersed in 15 
mL of 10 % acetic acid for 10 min. After filtration it was washed with 750 mL of distilled water. 
Next 15 mL of 0.5 % NaHCO3 was added to suspension, followed by hot water washing until 
filtrate was neutral. The cellulose content as the remaining residue was determined 
gravimetrically. The hemicellulose content of the samples was determined by subtracting of 
cellulose content from holocellulose [16]. 
Elemental analysis (C, H, N and S) of samples was performed using “Vario-EL III; 
CHNS-O Elementar Analyzer” (Hanau, Germany). Operating ranges varied between the 
elements: 0.03–20 mg for C; 0.03–3.0 mg for H; 0.03–2.0 mg for N and 0.03–6.0 mg for S. 
Oxygen content were obtained by subtracting the sum of the obtained elemental values from 100 
%.   
The point of zero charge (pHpzc) was determined using method described by Milonjić et 
al. [17]. 
The surface structure of SH and SHM were analyzed by Scanning Electron Microscopy 
(SEM) coupled with energy dispersive X-ray analysis (EDX) after coating of samples with a thin 
layer of gold. SEM-EDX analysis was performed using a JEOL JSM-6610 LV SEM model. Pore 
size, pore volume distribution, and porosity were determined by mercury intrusion porosimetry 
on Pascal 140/440, Thermo Scientific. 
The concentrations of acidic and basic sites on SH and SHM were determined by the 
method proposed by Boehm [18] as well as by the direct potentiometric titrations. Determination 
of acidic sites was based on utilization of the following solutions: 0.05 M NaOH (for 
determination of total acidic sites), Na2CO3 (for determination of carboxylic and lactonic sites) 
and NaHCO3 (for determination of carboxylic sites). Experiments were performed by soaking 1.0 
g of biomass in 50 mL of each solution and stirring for 24 h on a shaker at room temperature. 
Suspensions were filtered and supernatants were titrated with standard solutions of 0.05 M HCl 
solution. The concentration of the hydroxylic sites were calculated by subtracting the 
concentrations of the carboxylic and lactonic sites from the total acidic sites concentration while 
the concentrations of lactonic sites were calculated by subtracting the concentrations of 
carboxylic sites from the results obtained for carboxylic and lactonic sites. The basic sites were 
neutralized using a 0.05 M HCl solution and after filtration supernatans were titrated with 
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standard solutions of 0.05 M NaOH. The point at which the second derivative crosses zero is 
taken as the end point of the titration.  
Direct potentiometric titrations of SH and SHM were performed by mixing 1.5 g of SH 
or SHM with 30 mL of deionized water and titrated with 0.3 M solutions of HCl or NaOH. After 
addition of each aliquot titration mixture was left for 8 minutes in order to let the pH to reach 
equilibrium value before recording. During titrations, titrated mixtures were stirred and purged 
with pure nitrogen (99.999 %, Messer Tehnogas AD, Serbia). Titrations were followed by 7110 
pH meter with SenTix 82 electrode, WTW, Germany. 
The determination of surface functional groups in samples was performed by 
Attenuated Total Fourier Transform Infrared Spectroscopy using Thermo Nicolet 6700 FTIR. 
The spectra were recorded by averaging 32 scans from 4000-400 cm
-1
. The region between 1900 
and 2200 cm
-1
 is interrupted due to strong diamond IR absorption.  
Cation exchange capacity (CEC) was determined by method involves saturation of the 
cation exchange sites by ammonium acetate [19]. The samples (0.2 g) were added in 100 mL of 
1.0 mol/L ammonium acetate and then were shaken for 120 minutes at speed of 250 rpm on 
orbital shaker. As a control, the same procedure was done mixing the same amount of samples 
with 100 mL of deionized water. The samples were filtrated and the concentrations of 
exchangeable cations (K
+
, Na
+
, Ca
2+
 and Mg
2+ 
ions) released from SH and SHM in filtrates were 
determined by atomic adsorption spectrophotometer (Perkin Elmer AAnalyst 300).  
 
2.4 Adsorption experiments 
 
Adsorption experiments were conducted in a batch system by adding a precise amount of 
sample in 50 mL of solutions with known initial concentration of Cu
2+
, Zn
2+
 and Pb
2+
. The 
mixtures were shaken at 250 rpm and after certain period of time they were filtered and the 
concentration of metal ions in supernatants were determined by atomic adsorption 
spectrophotometer.  
The removal of metal ions was investigated as a function of operating parameters such as 
pH value (2.0 – 6.0), initial biosorbent concentration (2 – 10 g/L), contact time (1 – 120 min), 
temperature of 25 
○
C and initial metal concentration (6 - 120 mg/L). The obtained data were used 
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to calculate the biosorption capacity of SH and SHM for selected metals by using the following 
equation: 
 
𝑞𝑒 =
𝑉(𝐶𝑖−𝐶𝑒)
𝑚
           (1) 
q - the amount of adsorbed metal ions (mg/g); 
Ci and Ce - the initial and equilibrium metal concentrations (mg/L), respectively;  
V - the solution volume (L);  
m - the sample mass (g). 
All sorption experiments were performed in triplicate. The nonlinear coefficient of determination 
(R
2
) and the chi-square test were used as a test for goodness of fit. Chi-square test was 
determined as described elsewhere [20]. 
 
2.5 Kinetic study 
 
In order to reveal nature of the sorption process all experimental date were evaluated not 
only by using isotherm models, but also kinetic models. Pseudo-first-order [21] and pseudo-
second-order [22] as reaction based models and Weber-Morris model [23] as diffusion model 
were applied to the experimental data. Table 1 summarize models and equations used in this 
paper. 
 
Table 1 Models used for evaluation of heavy metals sorption onto SH and SHM 
 
2.6 Desorption study 
 
Regeneration and reuse of exhausted SHM were performed alternately in three cycles. 
Regeneration of metal loaded SHM was carried out using 0.1 mol/L HCl, while adsorption 
experiments were done at optimum parameters (pH = 5.0; biosorbent concentration was 2 g/L; 
contact time was 120 min and initial metal concentration was 60 mg/L for Cu(II) and Zn(II) and 
200 mg/L for Pb(II)). After each set of experiments the samples were centrifuged and metal 
contents were analysed by atomic adsorption spectrophotometer. Desorption efficiency 
calculation were previously described [28]. 
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3 Results and discussions 
 
3.1 Characterization of SH and SHM 
 
3.1.1 Chemical composition and surface properties 
 
In order to determine the changes that have occurred as a result of the alkaline treatment, 
comparative characterization of SH and SHM were carried out. The results of characterization of 
both samples are presented in Table 2. 
  
Table 2 Physical and chemical properties of SH and SHM 
 
The percentage of hemicellulose, lignin and cellulose present in the SH are 19.23, 22.72 
and 55.23 %, respectively. However, when the raw biomass is subjected to an alkaline treatment, 
it is evident that there is a significant decrease in percentage of hemicellulose (3.52 %) and slight 
decrease in percentage of lignin (21.21 %) and increase in percentage of cellulose (57.23 %). 
During alkali treatment the hemicellulose is hydrolysed and the lignin is partially depolymerised 
due to breaking of the α-either bonds between lignin and hemicellulose [29,30]. Also, this 
treatment results in removal of some degradation products (weight loss after treatment was 16 
%). Similar results were obtained by Ben Sghaier et al. [30] when the agava fiber (Agava 
americana L.) were treated with 1.0 mol/L NaOH. Lin et al. [31], showed that the cellulose 
content has increased and hemicellulose content has decreased after corn was subject to treatment 
with 1.5 M NaOH. 
Elemental analysis results showed that SH is mainly composed of carbon (47.6%) and 
oxygen (46.03 %). The hydrogen content was 6.24 %, nitrogen content was 0.12 % and there was 
no sulphur. The obtained results are in accordance with the results obtained by researchers 
Demiral and Kul [32] who also investigated the element composition of apricot shells. After 
modification the content of the C, O, N and H in SHM has been slightly changed compared to 
starting sample: there was a slight decrease in carbon content (from 47.61 to 46.05 %) and slight 
increase in hydrogen (from 6.24 to 6.52 %) and oxygen content (from 46.03 to 47.43 %). 
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Changes in the elemental composition of SH and SHM are rather small, but significant. Since 
alkali treatment breaks the covalent bond between lignocellulose components, causing the 
hemicellulose hydrolysis and lignin depolymerization [33] it can cause decrease of carbon 
content. Increase in hydrogen content can be explained by the fact that alkali treatment affects 
swelling of cellulose, breaking of hydrogen bonds and formation of new one (reorganization of 
the crystal lattice) [34]. Change in oxygen content is due to changes in the content of other 
components. The obtained results were comparable to those obtained by Asadi et al. [35] treating 
rice bran with NaOH. 
Mercury porosimetry was used to determine whether the alkali treatment increased 
specific surface area and porosity of biomaterial. As can be seen from obtained results presented 
in Table 2, alkali treatment led to an improvement of porous structure of SH. After treatment, 
there was a slight increase in porosity (from 25 % in SH to 30 % in SHM) and total pore volume 
(from 218 in SH to 271 mm
3
/g in SHM) due to partial dissolution of some components like 
hemicellulose - leaving hollow spaces in those places. Also, specific surface area of SHM (20 
m
2
/g) is noticeably larger compared to untreated one (15 m
2
/g), because treatment with NaOH 
removes natural fats and waxes from biomass surface [36] which increases effective specific 
surface area available for contact.  
 
3.1.2 SEM analysis 
 
In order to get better insight of complex nature of apricot endocarp, the SEM micrographs 
of outer, inner and the layer between them were taken and presented in Fig. 1. Noticeable 
differences in the morphology of the inner smooth and glossy layer (Fig. 1a,b), exterior rough 
layer (Fig. 1e,f) and cross-section of endocarp (Fig. 1c,d) have been observed. As can be seen 
from micrographs, pores are visible only in the Fig. 1c,d revealing that the endocarp's inside is 
porous. There are two types of visible pores: bigger - pore diameter is approximately 10 to 20 μm 
and smaller - pore diameter is approximately 1 μm. 
 
Fig. 1 SEM micrographs of endocarp: inner layer magnified 1000x (a), 5000x (b); cross section 
magnified 1000x (c), 5000x (d); exterior layer magnified 1000x (e), 5000x (f) 
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In order to see if mechanical and alkaline treatment have effect on the initial porous 
structure of biomaterial, the SEM micrographs of milled (Fig. 2a) and afterwards alkali treated 
material (Fig. 2b) were taken.  
 
Fig. 2 SEM micrographs of: SH (a) and SHM (b); EDX spectrums of: SH (c) and SHM (d) 
 
As can be seen from Fig. 2a, after grinding the pores have been collapsed. Possible 
explanation is that after grinding, pores are clogged due to compression of material during 
milling. However, after the alkaline treatment, it is clearly observed that the pores are still present 
(Fig. 2b). Alkali treatment not only rinses the residual material left on the sample, but also 
dissolves some components from the material (mainly hemicelluloses, waxes and fats) [37]. Such 
a change makes surface of SHM more accessible to metal ions, by providing a larger contact area 
and more binding sites for ions, in comparison to the SH. Similar results were obtained when the 
olive tree pruning were treated with 1.0 mol/L NaOH [38,39]. In addition, the SEM micrographs 
of SHM after adsorption of metals are presented in supplementary material (Fig. 3). It is evident 
that the adsorption of Cu(II), Zn(II) and Pb(II) ions causes partial disruption in surface 
morphology of SHM, due to interaction with metal ions.   
Figure 2c and 2d, shows EDX spectrum of SH and SHM, respectively. The peaks of gold 
are present due to sample preparation. The spectrum revealed the presence of potassium ions on 
surface of natural (SH) and presence of sodium ions on surface of treated material (SHM). 
Therefore, it can be concluded that after modification, sodium ions are bounded to the SHM.  
 
3.1.3 The point of zero charge  
 
In order to consider if alkaline modification changed surface charge of starting sample, 
the determination of pHpzc of the both SH and SHM samples was investigated. The value of 
pHpzc provides insight into electrostatic interactions among sorbent and metal species in 
solution: at pH < pHpzc, the surface charge is positive and may possibly interact with negative 
species, while at pH > pHpzc the surface charge is negative and may possibly interact with 
positive species in solution [40]. Apparently, the value of pHpzc is very similar for each KNO3 
concentrations indicating that SH and SHM are independent on the ionic strength of this 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
12 
 
electrolyte. As can be seen from Fig. 3 the pHpzc was found to be 4.9 and 5.7 for SH and SHM, 
respectively. The obtained results confirmed that alkaline treatment of SH increases the pHpzc 
and surface alkalinity of modified material SHM. 
 
Fig. 3 pH final (pHf ) as a function of pH initial (pHi) for SH and SHM, for different ions 
strengths ■ [KNO3] = 0.01 mol/L; ● [KNO3] = 0.1 mol/L and ▲[KNO3] = 0.001 mol/L 
 
3.1.4 Determination of the concentrations of acidic and basic sites 
 
Chemical heterogeneity of each biomaterial depends on the presence and content of 
different functional groups on its surface [41]. In order to get closer insight into surface 
properties, determination of acidic and basic sites of both biosorbents was done.  
The concentration of total acid and basic sites determined by Boehm method are presented 
in Table 3.  
 
Table 3 Concentration of acidic and basic active sites on surface of SH and SHM obtained by 
Boehm method 
  
As can been seen from the obtained results, in SH concentration of total acidic sites is 
much higher than total basic sites regarding to natural composition of lignocellulosic material. 
The surface of SH has a higher content of acidic groups, especially phenolic type, which are part 
of the molecular structure of main components of SH: lignin and cellulose. However, after 
modification the content of total basic sites in SHM becomes almost ten times larger than in SH, 
which is in accordance with obtained results from previous section 3.1.3. Changes which have 
occurred after alkali treatment indicate that now surface has more oxygen functional groups with 
basic character.  
 In order to find which surface modification during alkali treatment of native SH causes 
biosorption capacity to increase, further research was conducted and SHM was titrated with HCl 
solution.  
Since the carboxylic groups have pKa between 4 and 5 [42], after treatment with 1 M 
NaOH solution they will be in the basic, sodium salt (-COONa) form. That is the reason why, in 
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previous experiment, whose results are given in Table 3, they would not react with 0.05 M 
NaHCO3, but it would react with 0.05 M HCl solution. 
In the next set of experiments direct potentiometric titration of SHM with 0.3 M HCl 
solution was performed. Results shows that for pH change from 7 to 2 (pH range where 
functional groups with pKa values between 4 and 5 will be practically completely converted from 
salt to acidic form), after the correction for HCl spent for acidifying the same volume of water 
from pH 7 to pH 2, there will be used 0.306 ± 0.008 mmol of HCl for 1 g of SHM sample. That is 
in agreement with above finding that SHM sample practically does not react with NaHCO3, while 
1 g of SHM reacts with 0.31 mmol of 0.05 M HCl solution. It can be assumed that SHM 
functional groups found to be “basic groups” in previous experiment are actually carboxylic 
groups in sodium salt form. 
The complete titration curves of SH and SHM with 0.3 M HCl and NaOH are given in 
supplementary material (Fig. 1). 
 
3.1.5 FTIR analysis 
 
 Figure 4 presents the FTIR-ATR spectrums of SH and SHM with the most significant 
changes observed. The FTIR spectra of the SH exhibited characteristic peaks for lignocellulosic 
material that have been reported in our previous work [43]. Peak positions in the FTIR spectrums 
of both materials are summarized in Table 4. 
 
Fig. 4 FTIR-ATR spectra of SH and SHM 
 
The most noticeable change that occurred after alkali treatment was disappearance of 
carbonyl peak at 1732 cm
-1
 in SHM spectra [44]. This is related to the effect that base has on 
natural lignocellulosic material: the degradation of hemicellulose. This specific peak 
characterizes the bonds present in the hemicellulose and hemicellulose-lignin complex, as well as 
in waxes and fats [45]. Also, from Fig. 4 it can be observed that after alkali treatment, peak at 
1233 cm
-1
 has decreased and two new peaks appeared  at 1266 and 1227 cm
-1
. The peak 1233 cm
-
1
 is attributed to C-O-C stretching from aryl-alkyl ether linkage [44]. The changes that have 
occurred in this region could be result of lignin depolymerisation.  
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Table 4 Peak position in the FTIR-ATR spectrums of SH and SHM 
 
The FTIR-ATR spectrums of SHM before and after metal adsorption are presented in 
supplementary material (Fig. 4). The noticeable differences, before and after metal adsorption, 
are in the bands of the O-H stretching (3000–3600 cm-1 and 1000-1050 cm-1) as well as in the 
band of the -COO
-
 group at about 1580 cm
-1
, indicating the involvement of –OH and -COO- 
groups in adsorption. 
 
3.1.6  Cation exchange capacity (CEC) of SH and SHM 
 
In order to obtain better insight into the bonding mechanism of metals during biosorption 
process, it is significant to investigate cation exchange capacities (CEC). The net amounts of 
cations released from both samples are presented in Table 5.  
 
Table 5 Cation exchange capacity for SH and SHM 
  
As can be seen from Table 5 the total CEC (sum of alkali and alkaline-earth ions 
transferred from the biomass to the aqueous solution) is 6.72 and 29.51 meq/100g for SH and 
SHM, respectively. Results revealed that alkali treatment enhanced the total CEC almost five 
times. Also, obtained concentrations of exchangeable cations (except for K
+
 ions) are higher in 
SHM, than in starting sample SH. Apparently, the dominant ion in the exchangeable position in 
SHM is Na
+
, due to treatment with NaOH. Additionally, inorganics that are loosely bonded in 
lignocellulosic matrix or water-soluble such as potassium can be leached out during modification 
process, which is also the case here. Since, other inorganics such as calcium and magnesium 
exists in the hemicellulose of lignocellulosic biomass [52,53] a slight increase of its content in 
SHM could be due to alkali dissolution of hemicellulose.  
Obtained results indicate that these ions (especially Na
+
) could be exchanged with other 
metal ions, through the ion exchange mechanism during the biosorption process. 
 
3.2 Sorption studies  
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In order to examine the sorption process it is necessary to determine the effects of 
different operating parameters such as pH, sorbent concentration, metal concentration and contact 
time. The determination of these parameters is not described in detail in this paper but obtained 
experimental data are presented in the supplementary materials (Fig. 2). 
 
3.2.1 Kinetic studies 
 
Kinetic models listed in Table 1 were applied to the obtained experimental data 
(supplementary materials - Fig. 2c) and the kinetic parameters are presented in Table 6. 
 
Table 6 Kinetic parameters for heavy metals sorption by SH and SHM 
  
Considering the excellent values for R
2
 (which are close to unit R
2
=0.999) obtained from 
pseudo-second order model and the fact that calculated qt are very close to the experimental qexp 
it can be concluded that the sorption of all metals (at specified concentration) onto SH and SHM 
follows pseudo-second order model. The applicability of this kinetic model indicates that the 
biosorption of all selected metals involves complexation and ion exchange mechanism [54-56]. 
The biosorption performance additionally can be determined by calculating the half-life of 
adsorption process: t1/2 = 1/(k2qt) [27]. The parameter t1/2 describes how long it takes for the 
sorbate concentration to decrease to one-half of its initial value. As can be seen from displayed 
results in Table 6, SHM will approach equilibrium faster than SH. For example the initial 
concentration of Cu(II) in solution (60 mg/L) will drop by half in 3.2 or 1.4 minutes, depending 
on the biosorbent used (SH or SHM, respectively). 
To exam if the metal ions are being transported within pores of sorbents, experimental 
data were fitted by Weber-Morris diffusion model. The values of Kid and C were calculated from 
the slope and intercept of the plot (figure not shown) and presented in Table 6. The intercept (C) 
of the plot indicates the boundary layer effect. The larger it is the greater is involvement of the 
surface biosorption in the rate-limiting step [57]. As can be seen from Table 6 the values of C are 
for all metals, higher for SHM than for SH, indicating that the surface biosorption has a 
significant impact in rate-limiting step. Biosorbent SHM with larger surface and more binding 
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sites tends to attach more metal ions to the surface of SHM which leads to rapid fall in metal 
concentration in solution (slowing down the driving force for the mass transfer). According to 
Šćiban et al. [58] adsorption in most lignocellulosic materials occurs mostly on the surface of the 
particles, which is in agreement with observation in this paper. 
 
3.2.2 Sorption isotherm models 
 
In this section, obtained data from biosorption experiments with raw and modified 
material were subject to equilibrium modelling in order to understand the mechanism of 
biosorption process. Therefore, obtained experimental data were fitted by two-parameter models 
(Langmuir and Freundlich) and three-parameter Sips isotherm model (models and equations are 
presented in Table 1). The Langmuir isotherm model [24] assumes: that the surface of sorbent is 
homogeneous and that the adsorption occurs in monolayer without interactions between sorbed 
ions. When biosorption is favorable RL is within 0–1, while for unfavorable, linear and 
irreversible biosorption RL ≥1 and RL<0, respectively [59]. The Freundlich adsorption isotherm 
[25] model assumes that the surface of sorbent is heterogeneous and the interactions during 
adsorption occur among adsorbed ions, while the Sips isotherm model [26] combines both of 
models and it is expected to describe the surface heterogeneity better. When dimensionless factor 
s is between 0 and 1 implies heterogeneity of the system. 
 Considering obtained results presented in Supplementary materials (Fig. 2), the isotherms 
were determined for a metal concentration 6 - 120 mg/L for Cu(II) and Zn(II) and 20 – 400 mg/L 
for Pb(II), at 25 
○
C for 120 min at pH 5.0. The calculated parameters of isotherm models are 
summarized in Table 7.  
 
Table 7 Langmuir, Freundlich and Sips isotherm parameters for biosorption of Cu(II), Zn(II) and 
Pb(II) ions onto SH and SHM 
 
Obviously, significant changes concerning the biosorption capacity have been occurred after 
alkali treatment of raw material. As can be seen from Table 7 biosorption capacity of SH is 4.83; 
5.42 and 24.53 mg/g, while capacity of SHM is 12.25; 8.73 and 46.45 mg/g for Cu(II), Zn(II) and 
Pb(II) ions, respectively. The difference in binding capacity of Pb(II) ions over the two other 
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metal ions can be explained by the smaller hydration radius of the lead ions [60] and by the more 
than three times higher atomic mass of lead. Apparently, alkali treatment improved biosorption 
capacity of modified material SHM in comparison with starting sample SH. Due to the similar 
values of R
2
 and χ2 it may be concluded that the adsorption of all metal ions onto SH can be 
described with both Langmuir and Sips models, indicating monolayer sorption and heterogeneous 
surface of the SH. However, adsorption onto SHM is described better with Freundlich model 
except in case of Cu(II), which indicates that multilayer adsorption occurs on the heterogeneous 
surface of SHM [61,62]. Also, the obtained values of n and RL confirmed that the biosorption 
process onto SH and SHM for selected metals, is favourable. 
In comparison with other alkali modified lignocellulosic biosorbents from literature, SHM 
shows higher adsorption capacity for Pb(II) ions than alkali modified: coconut coir fibre (29.41 
mg/g) [63], olive stone (15.25 mg/g) [64] and corn cob (7.89 mg/g) [65]. Also, SHM shows 
higher adsorption capacity for Cu(II) and Zn(II) ions in comparison with alkali modified rice 
husk (10.9 and 8.14 mg/g, respectively) [66]. According to the results reported in the literature, 
alkali modified apricot shells could be used as a perspective adsorbent for heavy metals removal 
from aqueous solution. 
 
3.2.3 Investigation of ion exchange mechanism 
 
Due to higher concentrations of exchangeable cations (especially Na
+
) in SHM (Table 5) 
the involvement of ion-exchange mechanism was investigated following the release of 
exchangeable cations (K
+
, Na
+
, Ca
2+
, Mg
2+ 
and H
+
 ions) during the biosorption experiments. As a 
control, the release of cations after soaking the sample in deionized water was measured. These 
experiments were conducted mixing 0.1 g of samples with 50 mL of metal solution of various 
concentrations at pH 5.0. The pH value was followed and the concentration of released H
+
 ions 
was determined as described elsewhere [28]. 
Figure 5 shows the amount of released cations vs. amount of adsorbed metal ions on 
different metal concentration after the equilibrium was reached. As can be seen from Fig. 5, 
amount of cations released from SHM is almost equal in comparison to the amount of adsorbed 
metal ions, suggesting ion exchange mechanism. The EDX spectrums after metal adsorption 
support this finding (Supplemental material: Fig. 3 and Table 1). Also, Fig. 5 shows that Na
+
 ions 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
18 
 
are exchanged first, followed by H
+
 ions. During the biosorption experiments, decrease of pH 
value was observed, indicating release of H
+
 ions from SHM, which can be explained by surface 
complexation [67]. This is in agreement with results of kinetic studies. 
 
Fig. 5 The amount of adsorbed metal ions and relised cations from SHM at different initial metal 
concentration at T = 25
○
C, t = 120 min, pH = 5.0) 
 
3.3 Application of SHM for laboratory wastewater cleaning up 
 
Chemical laboratories generate the wastewaters containing heavy metal ions in low 
concentrations, which are still above the permitted level to be directly discharged into sewers. In 
order to show possible practical application of SHM, the drained water originating from atomic 
adsorption spectrophotometer was chosen. The efficiency of SHM and its suitability for the metal 
removal from this wastewater was investigated and the obtained results are presented in Table 8.  
 
Table 8 Metal concentration in wastewater before and after treatment with SHM 
 
From the results, it is clear that the SHM is suitable for heavy metals removal from 
drained water of AAS. After treatment amount of Fe, Pb, Cu, Cr, Ni, and Zn ions were reduced 
by 97, 87, 81, 80, 33 and 14 %, respectively. 
 
3.4 Desorption study 
 
Regeneration and reuse of exhausted biosorbent is crucial for economically viable and 
environmentally sustainable process. Disposal of contaminated exhausted biosorbent could 
become an issue. Therefore, desorption studies are suitable for investigation of capability of 
biosorbent to be recycled.  
In order to investigate the possibility of SHM reusability, desorption and regeneration 
experiments were performed and the obtained results are presented in Figure 6. As can be seen, 
desorption efficiency decreased very slowly as the number of cycles increased but still remaining 
at very high level after each cycle. The results of this study confirm that the biosorbent SHM can 
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be efficiently recovered by using 0.1 mol/L HCl and as such it is suitable for metal recovery. 
Successful use of this desorption eluent also indicates that the ion exchange mechanism takes 
dominant role in adsorption process, due to the intense competition between H
+ 
and metal ions 
[39]. 
After desorption, regenerated biosorbent SHM can be disposed without risk that it 
contains heavy metals.  
 
Fig. 6 The desorption efficiency of metal ions after three adsorption/desorption cycles  
 
4 Conclusions 
 
In this study, for the first time, the usefulness of alkali modified apricot shells (SHM) as a 
biosorbent for removal of Cu(II), Zn(II) and Pb(II) ions from aqueous solution was investigated. 
It was found that the treated shells have better adsorption properties than raw sample: adsorption 
capacity of SH is 4.83; 5.42 and 24.5 mg/g, while capacity of SHM is 12.25; 8.73 and 46.45 mg/g 
for Cu(II), Zn(II) and Pb(II) ions, respectively. 
A characterization study was performed in order to determine the changes of 
morphological, physical and chemical properties of raw apricot shells during treatment. SEM 
analysis revealed that alkali treatment enhanced surface roughness providing a larger contact area 
due to removal of natural fats and waxes. Mercury intrusion porosimetry, confirmed larger 
surface area and porosity of SHM. Chemical and FTIR analysis showed that alkali treatment 
induced hemicellulose hydrolysis and lignin depolymerisation, therefore improved the adsorption 
characteristics of SHM by developing new adsorption sites. Also, the presence of sodium ions as 
a consequence of alkali treatment (confirmed by EDX analysis), significantly increases the 
adsorption capacity of SHM by enhanced cation exchange capacity. The results of potentiometric 
titration and FTIR spectra analysis revealed that after modification of raw material with NaOH, 
carboxylic groups are in sodium salt form.  
Analysis of the cations released during the biosorption shows that the amount of cations 
released from SHM was almost equal to the amount of adsorbed metal ions indicating ion-
excange mechanism. The sodium ions were exchanged first, followed by H
+
 and other 
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exchangeable cations. The applicability of pseudo-second order kinetic model indicates that the 
heavy metals biosorption involves complexation, too. 
Moreover, the SHM could be successfully regenerated with 0.1 mol/L HCl and reused for 
new biosorption cycle.  
Finally, this study revealed that the SHM is suitable biosorbent for cleaning-up drained 
water of atomic adsorption spectrophotometer. 
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Table 1 
Models used for evaluation of heavy metals sorption onto SH and SHM 
Model Equation Parameter Reference 
    
Isotherm model    
Langmuir 𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒
1+𝐾𝐿𝐶𝑒
  
𝑅𝐿 =
1
(1+𝐾𝐿𝐶0)
  
qe (mg/g): sorption capacity at 
equilibrium 
qmax (mg/g): maximum sorption capacity  
KL (L/mg): Langmuir constant 
Ce (mg/L): equilibrium concentration 
RL: dimension less separation factor 
Co (mg/L) - the highest initial metal 
concentration 
[24] 
Freundlich 
 
𝑞𝑒 =  𝐾𝑓  𝐶𝑒
1
𝑛⁄   
Kf (mg/g)(L/mg)
1/n
: Freundlich constant  
n: heterogeneity factor 
[25] 
Sips 𝑞𝑒 =
𝑞𝑚𝑎𝑥 𝐾𝑠𝐶𝑒
𝑠
1+ 𝐶𝑒𝐾𝑠
𝑠   
Ks (L/g): Sips constant 
s: heterogeneity factor 
[26] 
Kinetic model    
Pseudo-first order 
𝑞𝑡 =  𝑞𝑒(1 − 𝑒
−𝑘1𝑡)  
qt (mg/g): sorption capacity at time t  
k1 (1/min): the pseudo-first order rate 
constant 
[21] 
Pseudo-second 
order  
𝑞𝑡 =
𝑡
(1
𝑘2𝑞𝑒
2⁄ )+(
1
𝑞𝑒⁄ )
  k2 (g/mg/min): the pseudo-second order 
rate constant 
[22] 
 𝑡1
2⁄
=  1 𝑘2⁄ 𝑞𝑡  t1/2 (min): half-life of adsorption process [27] 
Intra-particle 
diffusion model 𝑞 = 𝐾𝑖𝑑𝑡
0.5 + 𝐶  
Kid (mg/(min
1/2
g)): the intra-particle 
diffusion parameter 
C (mg/g): intercept 
[23] 
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Table 2  
Physical and chemical properties of SH and SHM 
  SH  SHM 
 Dry matter (%) 92.39 ± 1.76 93.64 ± 1.78 
 Moisture (%) 7.30 ± 0.13 4.50 ± 0.08 
 Ash (%) 1.02 ± 0.03 1.76 ± 0.05 
Structural composition Acetone soluble compounds (%) 2.56 ± 0.04 1.41 ± 0.02 
 Lignin (%) 22.72 ± 0.34 21.21 ± 0.32 
 Holocellulose (%) 74.46 ± 1.12 60.75 ± 0.91 
 Hemicellulose (%) 19.23 ±0.29 3.52 ± 0.05 
 Cellulose (%) 55.23 ± 0.83 57.23 ± 0.86 
Elemental analysis C (%) 47.6 ± 1.9 46.1 ± 1.8 
 H (%) 6.24 ± 0.12 6.52 ± 0.13 
 N (%) 0.12 ± 0.01 <0.1 
 S (%) - - 
 O (from difference) (%) 46.03 ± 2.03 47.43 ± 1.94 
Surface properties Accessible porosity (%) 24.7 ± 0.5 29.9 ± 0.6 
 Total pore volume (mm
3
/g) 218 ± 11 271 ± 14 
 Specific surface area (m
2
/g) 15.4 ± 0.8 20.0 ± 1.0 
 Average pore diameter (nm) 393 ± 10 468 ± 10 
Density Bulk density (g/cm
3
) 1.15 ± 0.05 1.10 ± 0.05 
 Apparent density (g/cm
3
) 1.50 ± 0.05 1.58 ± 0.05 
 Loss of biomass (%) - 16 
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Table 3  
Concentration of acidic and basic active sites on surface of SH and SHM obtained by Boehm 
method 
Total acidic sites 
(mmol/g) 
Carboxylic 
(mmol/g) 
Lactonic 
(mmol/g) 
Phenolic 
(mmol/g) 
Basic sites 
(mmol/g) 
SH 1.62 ± 0.02 0.02 ± 0.02 0.46 ± 0.03 1.14 ± 0.03 0.04 ± 0.02 
SHM 0.36 ± 0.02 -0.01 ± 0.02 0.19 ± 0.03 0.18 ± 0.03 0.31 ± 0.02 
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Table 4  
Peak position in the FTIR-ATR spectrums of SH and SHM 
Wavenumber (cm
-1
)   
SH SHM Functional groups Refs. 
3347 3333 OH stretching [46] 
2923 2897 C-Hn stretching [46] 
1732 - C=O stretching [46] 
1639 - C=C  [46] 
1593 1592 COO
- 
[47] 
1504 1504 C=C stretching [48, 49] 
1459 1458 OH bending  [38] 
1421 1420 COO
-
  [47] 
1372 1368 CH bending [50] 
1327 
1323 CH bending [50] 
1266 C-O stretching [51] 
1233 1227 C-O-C stretching [44] 
1155 1158 C-O-C stretching  [38] 
1105 1105 OH association [38] 
1031 1027 C-O stretching and C-O deformation [38] 
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Table 5  
Cation exchange capacity for SH and SHM 
 
Na
+
 
meq/100g 
K
+
 
meq/100g 
Ca
2+
 
meq/100g 
Mg
2+
 
meq/100g 
∑ 
meq/100g 
SH 4.03 ± 0.15 0.48 ± 0.02 0.80 ± 0.06 1.41 ± 0.09 6.72 ± 0.32 
SHM 25.4 ± 0.9 0.22 ± 0.01 2.29 ± 0.16 1.60 ± 0.11 29.51 ± 1.18 
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Table 6 
Kinetic parameters for heavy metals sorption by SH and SHM 
 Adsorbent 
 SH SHM 
 Cu Zn Pb Cu Zn Pb 
qexp (mg/g) 5.00 4.18 22.90 9.73 9.00 37.37 
Pseudo-first order model        
qt (mg/g) 4.52 4.09 23.96 9.31 8.87 36.56 
k1 (1/min) 0.942 0.821 2.015 0.515 0.577 0.136 
R
2
 0.867 0.959 0.992 0.909 0.978 0.919 
Pseudo-second order model       
qt (mg/g) 5.01 4.14 22.85 9.70 9.04 37.35 
k2 (g/mg/min) 0.062 0.278 0.048 0.071 0.141 0.050 
R
2
 0.999 0.999 0.999 0.999 0.999 0.999 
k2qt (1/min) 0.310 1.151 1.097 0.689 1.275 1.867 
t1/2 (min) 3.219 0.869 0.912 1.452 0.784 0.535 
Weber-Morris diffusion model       
Kid1 (mg/(min
1/2
g)) 0.254 0.334 5.530 0.468 1.251 5.032 
C (mg/g) 2.892 2.530 4.276 6.979 4.644 24.03 
R
2
 0.997 0.999 0.995 0.988 0.997 0.973 
Kid2 (mg/(min
1/2
g)) 0.102 0.003 0.089 0.087 0.057 0.253 
C (mg/g) 3.859 4.067 21.82 8.714 8.426 34.82 
R
2
 0.870 0.836 0.594 0.939 0.939 0.865 
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Table 7  
Langmuir, Freundlich and Sips isotherm parameters for biosorption of Cu(II), Zn(II) and Pb(II) 
ions onto SH and SHM 
  SH SHM 
  Cu Zn Pb Cu Zn Pb 
Langmuir  qm (mg/g) 4.24 5.06 22.19 8.99 8.65 33.39 
 KL (L/mg) 0.162 0.067 0.110 0.738 5.365 0.283 
 RL 0.152 0.459 0.305 0.213 0.036 0.046 
 R
2
 0.976 0.973 0.849 0.929 0.776 0.871 
 χ2 0.009 0.011 8.455 0.060 1.839 3.246 
Freundlich Kf (mg/g)(L/mg)
1/n
 0.178 1.196 8.098 6.123 4.835 18.95 
 1/n 0.183 0.299 0.177 0.089 0.130 0.109 
 R
2
 0.965 0.960 0.796 0.988 0.964 0.971 
 χ2 0.014 0.016 11.42 0.010 0.374 0.722 
Sips qm (mg/g) 4.83 5.42 24.53 12.25 8.73 46.45 
 Ks (L/g) 0.279 0.087 0.205 0.884 0.070 0.540 
 s 0.638 0.864 0.659 0.261 0.171 0.302 
 R
2
 0.987 0.974 0.887 0.994 0.854 0.851 
 χ2 0.007 0.016 9.461 0.007 0.477 18.70 
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Table 8  
Metal concentration in wastewater before and after treatment with SHM 
 Metal concentration (mg/L) 
 Cu
 
Zn
 
Fe
 
Pb
 
Ni
 
Cr
 
WW before treatment 0.490 0.662 3.340 15.9 0.120 0.100 
WW after treatment 0.094 0.572 0.108 2.02 0.080 0.020 
Percentage of removal  81% 14% 97% 87% 33% 80% 
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Highlights 
 Biosorption of heavy metals on raw and alkali treated apricot shells was studied.  
 Alkali activation significantly improves adsorption properties of raw sample. 
 Biosorption mechanism is ion-exchange followed by heavy metals complexation. 
 Based on desorption study results, biosorbent can be efficiently recovered and 
reused.  
 The developed biosorbent was successfully applied on real sample. 
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